The periplasmic cyclic P-(1,2)-glucans of Rhizobium spp. are believed to provide functions during hypoosmotic adaptation and legume nodulation. In Rhizobium meliloti, cyclic ,B-(1,2)-glucans are synthesized at highest levels when cells are grown at low. osmolarity, and a considerable fraction (.35%) of these glucans may become substituted with phosphoglycerol moieties. Thus far, two chromosomally encoded proteins, NdvA and NdvB, have been shown to function during cyclic 0-(1,2)-glucan biosynthesis; however, the precise roles for these proteins remain unclear. In the present study, we show that R. meliloti mutants lacking up to one-third of the downstream region of ndvB synthesize cyclic 0-(1,2)-glucans similar to those produced by wild-type cells with respect to size and phosphoglycerol substituent profile. In contrast, no phosphoglycerol substituents were detected on the cyclic 0-(1,2)-glucans synthesized by an R. meliloti ndvA mutant.
and A. tumefaciens may become substituted with phosphoglycerol moieties (3, 15, 17, 22) . These substituents are derived from the head group of phosphatidylglycerol (15) , and there may be as many as four phosphoglycerol substituents present on an individual glucan ring (3, 15, 17) .
Thus far, two classes of cyclic P-(1,2)-glucan-deficient mutants have been identified in R. meliloti and A. tumefaciens: ndvA/chvA and ndvB/chvB mutants. The NdvA and ChvA proteins appear to function during the transport of cyclic P-(1,2)-glucans to the extracellular medium (12, 18, 19) . Ex- periments performed by Nester and coworkers further suggest that the ChvA protein may mediate the transport of the cyclic ,B-(1,2)-glucans to the periplasmic compartment (6) . These researchers have also proposed that ChvA may be involved in other aspects of cyclic P-(1,2)-glucan biosynthesis such as cyclization and/or substituent addition (6) .
The NdvB and ChvB proteins have been shown to become covalently linked to the P-(1,2)-glucans during biosynthesis (23, 24) . Although these proteins are required for cyclic ,-(1,2)-glucan biosynthesis, it is not clear whether they participate in several stages of biosynthesis such as initiation, elongation, cyclization, and/or substituent addition.
In the present study, we have examined the cyclic P-(1,2)-glucans synthesized by a variety of ndv mutants of R. meliloti 102F34. The results of this study provide further insight into the roles of the NdvA and NdvB proteins during cyclic 13-(1,2)-glucan biosynthesis.
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MATERIALS AND METHODS
Bacterial strains and culture conditions. All bacterial strains used in this study are listed in Table 1 . For large-scale isolation of cellular glucans, 5-ml precultures were inoculated into 500 ml of standard medium containing 1 g of glutamic acid per liter, 5 g of mannitol per liter, mineral salts, and vitamins (4). Cultures were grown at 30°C on a rotary shaker.
Isolation of cellular glucans. Cells were separated from the culture supernatant by centrifugation at 4°C for 25 min at 20,000 x g. Cell pellets were extracted in 75% ethanol at 70°C for 30 min as described previously (4) . After centrifugation, the alcoholic supernatant was concentrated and loaded onto a Sephadex G-50 column. Fractions were assayed for total carbohydrate by the phenol-sulfuric acid method (15) . The glucan fraction was pooled, concentrated, and desalted by using a Sephadex G-15 column. Neutral and charged glucans were separated on a DEAE-cellulose column by using a gradient of 0 to 300 mM KCl in 10 mM Tris-HCl (pH 8.4). All column chromatography procedures have been previously described (15) . Neutral glucan fractions were analyzed by fast atom bombardment (FAB) mass spectrometry and nuclear magnetic resonance (NMR) spectroscopy.
FAB mass spectrometry. Negative-ion FAB mass spectra of the neutral glucan samples were recorded on a VG-ZAB-2SE high-performance mass spectrometer with a VG OPUS 3100 data system (VG Analytical Ltd., Manchester, United Kingdom). The instrument was scanned from m/z 4,500 to m/z 2,500 with a scan rate of 5 s/decade. The ion source was held at an acceleration potential of -8 kV. An aliquot of thioglycerol was placed on the stainless-steel target of the FAB probe. Two microliters of aqueous solution (2 to 3 mg of glucan per ml) was loaded into the liquid matrix. Samples were desorbed by bombardment with a cesium ion gun operated at 35 kV and the emission current at 1 ,A.
NMR. 'H-NMR experiments were performed at 500.13 MHz on a Bruker AM-500 spectrometer operating in the quadrature mode at 298 K. Glucan samples were dissolved in 99.9% D2O at a concentration of 2 mg/ml.
Pulse-chase experiments. Pulse-chase experiments with [2-3H]glycerol were performed as previously described (15); (15) . In contrast, Dylan and coworkers have reported that a related strain, R meliloti 102F34, synthesizes only neutral cyclic P-(1,2)-glucans (7) . We were therefore surprised to find large quantities of anionic cyclic 1-(1,2)-glucans within cultures of R meliloti 102F34 in the present study. Indeed, Fig. 1 reveals that the charged character of the cyclic ,-(1,2)-glucans obtained from R meliloti 102F34 is very similar to that found for glucan preparations derived from R meliloti 1021. One notable difference is the presence of a small anionic glucan fraction in strain 1021 (peak VI), which is absent in strain 102F34.
We have repeated our analyses of the cyclic f-(1,2)-glucans of R meliloti 102F34 by using different growth media, such as tryptone-yeast extract (15) , yeast extract-mannitol (7) , and standard medium (4) , and different extraction procedures, such as hot ethanol-water (22) and trichloroacetic acid extraction (16) . In every experiment, we obtained a DEAE-cellulose profile similar to that shown in Fig. 1A . We believe one possible explanation for the results previously reported by Dylan et al. (7) is that their glucan preparations may have contained residual salts when analyzed by ion-exchange chromatography. We find that the cyclic P-(1,2)-glucan preparations must be carefully desalted prior to chromatography on DEAE-cellulose for anionic glucans to bind to this resin.
The anionic cyclic 0-(1,2)-glucans of R. meiloti 102F34 contain phosphoglycerol substituents. Because the DEAEcellulose profile of the cyclic ,-(1,2)-glucan preparation from R meliloti 102F34 was similar to that found for strain 1021, it was expected that phosphoglycerol should be a major substituent as shown previously for strain 1021 (15) . To examine this directly, pulse-chase experiments with [2-3H]glycerol were performed. Previous studies with R meliloti 1021 have revealed that the phosphoglycerol substituents on the cyclic ,B-(1,2)-glucans are specifically radiolabeled when this method is used (15) . When cultures of R meliloti 102F34 were pulse-chased with [2-3H] glycerol, the appearance of radiolabel in the cyclic 3-(1,2)-glucan fraction was readily detected. In fact, the rate of synthesis of the phosphoglycerol-substituted cyclic P-(1,2)- glucans by this strain was very similar to that found for strain 1021 (Table 2 ). In contrast, no phosphoglycerol transfer was detected in parallel experiments conducted with R. leguminosarum biovar trifolii strain TA-1 ( Table 2 ). This strain served as a control because the cyclic ,-(1,2)-glucans synthesized by this strain have previously been shown to be neutral and unsubstituted in character (4, 22 chvA mutants (12) . These authors also provided evidence that cellular anionic cyclic 3-(1,2)-glucan levels are reduced in A. tumefaciens chvA mutants. However, the conclusions from this previous report are complicated by [14C]glucose radiolabeling experiments that indicate that the rate of synthesis of cellular anionic glucans by chvA mutants ofA. tumefaciens is similar to that of wild-type cells (12) .
In pulse-chase experiments with [3H]glycerol, we were unable to detect phosphoglycerol substituent transfer to the glucan fraction of strain LIi (Table 2 ). This result was not due to an absence of cellular glucans in this strain because the cellular glucan level was approximately 50% that found within wild-type cells (Table 3 ). This level of cellular glucan is higher than that previously reported by Stanfield et al. (19) for strain LI1, yet it is similar to that previously reported for -several chvA mutants ofA. tumefaciens (12) . Interestingly, another study has indicated that the level of cellular glucans within chvA mutants ofA. tumefaciens is essentially the same as that present within wild-type cells (6) . It is probable that these differences result .98
a Rhizobium strains were cultured in 500 ml of standard medium at 30°C for 48 h. Cell pellets were extracted with ethanol, and the cellular neutral and anionic cyclic 3-(1,2)-glucan content was determined after gel filtration chromatography and ion-exchange chromatography as described in Materials and Methods.
b Total cellular glucan content is expressed as milligrams of glucose equivalent per liter of culture.
cThe neutral glucan content is expressed as the percentage of the total cellular glucan content.
d Five anionic glucan fractions (I to V) were detected within total cellular cyclic P-(1,2)-glucan preparations (Fig. 1) . The relative content of each fraction is expressed as the percentage of the total cellular glucan content.
from the variety of methods used to extract cellular glucans in these studies. Further analysis of the cellular glucan fraction of strain LI1 by DEAE-cellulose chromatography revealed it to be strictly neutral in character (Table 3) , and FAB mass spectrometry analysis revealed that it consisted of a mixture of cyclic glucans containing 17 to 26 glucose residues, which is very comparable to the wild-type distribution ( Fig. 2A and B) . 'H-NMR analysis revealed that these cyclic glucans were indistinguishable from the neutral cyclic P- (1,2) (6, 19) . Thus, it is possible that ndvA mutants lack phosphoglycerol substituents because these moieties are transferred to the cyclic P-(1,2)-glucans within the periplasmic compartment through a process similar to that which occurs during membrane-derived oligosaccharide biosynthesis in Escherichia coli (9, 13) . It is noted, however, that the subcellular localization of the cyclic ,B-(1,2)-glucans within ndvA mutants (i.e., cytoplasm versus periplasm) has been difficult to assess because of the apparent fragility of the cytoplasmic membranes of these mutants (6) . R. meliloti ndvB downstream mutants synthesize glycerophosphorylated cyclic P-(1,2)-glucans. lelpi and coworkers have identified the ndvB structural gene of R. meliloti 102F34, and these researchers have examined cyclic P-(1,2)-glucan biosynthesis in a variety of ndvB mutants (11) . The ndvB gene was found to be approximately 8.7 kb in length and predicted to encode a protein of 319 kDa (11) . Downstream mutants, lacking up to 3.3 kb, were found to synthesize glucans, but the amount of total cellular glucans was reduced in these mutants (11) . It is noted, however, that the structure of the glucans produced by these mutants was not investigated nor did these researchers consider the possibility that the downstream portion of ndvB may be involved in substituent addition. [TY24] kb of the ndvB gene), levels were found to parallel those previously reported by lelpi and coworkers (11) . As shown in Table 3 , the total cellular glucan content of strains TY28, TY26, and TY24 was found to correspond to approximately 42, 24, and 30% of that of the wild-type strain, respectively. No cellular glucans were detected in the upstream ndvB mutant strain TY7, which is also consistent with previous results (7, 11) . When the charged character of the cellular glucans of the downstream ndvB mutants was examined, all were found to synthesize anionic glucans. The DEAE-cellulose profiles of the glucans extracted from all three mutants were found to be similar to that of the wild-type strain (Table 3) . It is noted, however, that the relative percentage of the most highly anionic glucan species (fractions IV and V) was greater within the ndvB downstream mutants. In general, the relative levels of anionic glucans within these mutants were found to be elevated when compared with that of wild-type cells (Table 3) ever, this could be an effect of growth conditions since the mutant strains have a slightly slower growth rate in this medium (data not shown). In R. meliloti, it has been previously shown that the addition of phosphoglycerol substituents to the cyclic 3-(1,2)-glucans occurs primarily during early and midlogarithmic growth (8) , while neutral cyclic 3-glucan biosynthesis may continue through the stationary phase (5, 21 (Fig. 2) . In additional experiments, 'H-NMR spectroscopy was used to further characterize the structure of the neutral glucan fractions. These analyses confirmed that all of the downstream ndvB mutants synthesized cyclic glucans containing glucose residues linked solely by 3-(1,2)-glycosidic bonds (data not shown). No reducing terminal residues were detected in any of these preparations. It is noted, however, that additional unassignable resonances were detected in the NMR spectra of the neutral cyclic ,B-(1,2)-glucan preparations isolated from the downstream ndvB mutants. It is possible that these resonances are the result of substituents or contaminants. It is intriguing that downstream mutants, lacking up to 3.3 kb of the ndvB structural gene, still have the capacity to synthesize glycerophosphorylated cyclic 3-(1,2)-glucans. Although the total level of cellular cyclic 3-(1,2)-glucans is reduced in these mutants, the ring size distribution and degree of substitution with phosphoglycerol moieties are only slightly altered. lelpi et al. have shown strain TY24 to have an unusual symbiotic phenotype which leads to both white, ineffective nodules and pink, nitrogen-fixing nodules on the same alfalfa plant (I1).
The bacteroids within the effective nodules have further been shown to have an unusual triskelion-like morphology. These researchers also found TY26 bacteroids to have an unusual morphology. Furthermore, the downstream mutants have been reported to have altered vegetative properties, which include decreased sensitivity to certain phage, reduced motility, and reduced ability for growth at low osmolarity (11) . Whether or not the symbiotic and vegetative phenotypic properties of ndvB downstream mutants result from the slight alterations in the structure and/or lower content of cellular cyclic 13-(1,2)-glucans remains to be established. 
